While research on T cell exhaustion in context of cancer particularly focuses on CD8C cytotoxic T cells, the role of inhibitory receptors on CD4C T-helper cells have remained largely unexplored. TIGIT is a recently identified inhibitory receptor on T cells and natural killer (NK) cells. In this study, we examined TIGIT expression on T cell subsets from CLL patients. While we did not observe any differences in TIGIT expression in CD8C T cells of healthy controls and CLL cells, we found an enrichment of TIGITC T cells in the CD4C T cell compartment in CLL. Intriguingly, CLL patients with an advanced disease stage displayed elevated numbers of CD4C TIGITC T cells compared to low risk patients. Autologous CLL-T cell co-culture assays revealed that depleting CD4C TIGITC expressing T cells from co-cultures significantly decreased CLL viability. Accordingly, a supportive effect of TIGITCCD4C T cells on CLL cells in vitro could be recapitulated by blocking the interaction of TIGIT with its ligands using TIGIT-Fc molecules, which also impeded the T cell specific production of CLL-prosurvival cytokines. Our data reveal that TIGITCCD4CT cells provide a supportive microenvironment for CLL cells, representing a potential therapeutic target for CLL treatment.
Introduction
Chronic lymphocytic leukemia (CLL) is a B cell malignancy, which is associated with substantial T subset skewing and T cell defects. 1 In particular, we and others have previously shown that T cells from CLL patients show typical signs of T cell exhaustion, as they exhibit increased expression of inhibitory receptors and defects in proliferation, cytokine expression and synapse formation. [2] [3] [4] [5] In general, T cell exhaustion is the functional silencing of antigen experienced T cells, contributing to peripheral T cell tolerance to avoid excessive immune pathology during T cell responses, 6 a process initially described during chronic viral infections 7 . However, T cell exhaustion was also found to occur in cancer and is supposed to significantly contribute to immune evasion of cancer cells by rendering cancer specific T cells non-functional. 8 A key molecule in T cell exhaustion was found to be programmed death-1 (PD-1), which functionally impedes T cell receptor (TCR) mediated signaling on exhausted T cells. 9 In addition to PD-1, a number of different inhibitory receptors were recently found to be associated with T cell exhaustion. The concept that the exhausted phenotype could be reversed by simply blocking these inhibitory receptors by monoclonal antibodies led to a renaissance of cancer immune therapy with specific immune checkpoint blockade using PD-1 antibodies being considered as a major breakthrough in cancer treatment. 10 Considering the strength of checkpoint blockade, it is important to investigate further inhibitory receptors aside of PD-1 to increase efficacy and minimize side effects of this treatment approach, especially in light of the fact that not all cancer entities respond to PD-1 blockade. For CLL, no clear effects were noticed for single agent anti-PD-1 therapy (pembrolizumab) except for patients with Richter's syndrome, whereas at least partial responses were reported for CLL patients receiving anti-PD-1 therapy (nivolumab) combined with ibrutinib. 11, 12 TIGIT (T cell immunoreceptor with Ig and ITIM domains) is a recently identified inhibitory receptor which is expressed on T cells, natural killer (NK) and NKT cells. 13, 14 TIGIT has a cytoplasmic tail containing an immunoglobulin tail tyrosine (ITT)-like phosphorylation motif and an immunoreceptor tyrosine-based inhibitory motif (ITIM) (15) . The natural ligands for TIGIT are the poliovirus receptors (PVR) CD155 and CD112. TIGIT signaling involves the recruitment of the phosphatase SHIP1 to the ITIM and downstream inhibition of NF-kB, PI3 K and MAPK pathways. 16, 17 PVRs are widely CONTACT Roland Geisberger r.geisberger@salk.at SCRI-LIMCR, Muellner Hauptstr 48, 5020 Salzburg, Austria. Supplemental data for this article can be accessed on the publisher's website. This work was supported by the SCRI-LIMCR, the Province of Salzburg, the City of Salzburg, and grants from the Austrian Science Fund FWF (Projects P24100 to R.Gr., P28201 to R.Ge., I 2795-B28 to A.E., P25015 to T.N.H. and T 516-B13 to N.Z.).
expressed on different cell types and were also found to be expressed on a number of cancer cells. [18] [19] [20] [21] In parallel, TIGITC tumor infiltrating CD8C T cells could be detected in small-cell lung cancers, colorectal cancers and melanoma. [22] [23] [24] Similar to the situation of CTLA-4 and CD28, which are sharing the same ligands 25 , TIGIT competes with CD226, a costimulatory T cell molecule for PVR binding and can directly prevent CD226 signaling by impeding its homodimerization. 22 Hence, agonistic TIGIT antibodies could decrease T cell function similar to CD226 knockdown 26, 27 and TIGIT inhibition was recently shown to increase T cell functions of melanoma specific CD8CT cells. 28 In this study, we investigated expression and function of TIGIT expressing T cells in CLL patients. We observed an increase in TIGIT expressing CD4CT cells in CLL compared to healthy controls and we provide evidence that TIGITCCD4CT cells display a microenvironment important for CLL survival. Our data propose TIGIT to be a potential target for immune therapy in CLL.
Results

TIGIT expressing CD4C T cells are elevated in patients with CLL
To evaluate TIGIT expression in comparison to other inhibitory receptors (PD-1 and 2B4/CD244) which we previously examined in CLL, 2 we performed phenotypic characterization of T cells from peripheral blood samples of CLL patients and age-matched healthy controls using flow cytometry (Fig 1a and  b) . In line with our previous results, 2 we found that the percentages of CD4C or CD8C T cells expressing 2B4 or PD-1 were not significantly different between patients and healthy controls (Fig 1b) . However, within the CD4C but not the CD8C T cell subset, we observed a significant increase in the percentage of TIGITC cells in CLL patients compared to healthy controls (Fig 1b) . Most of the TIGITCCD4CT cells were also positive for PD-1 (Fig 1c) , reflected in a high correlation of PD-1 and TIGIT expression in this T cell subset (Fig 1d) . The percentage of TIGITCCD4C T, PD-1CCD4C and PD-1CCD8CT cells was higher in bone marrow compared to peripheral blood of the same patient and we observed a high correlation of TIGIT, PD-1 and 2B4 expression in peripheral blood and bone marrow (supplementary figure S1) . Notably, the inhibitory receptor TIM-3 was not detectable on T cells from peripheral blood of CLL patients (supplementary figure S2) . Moreover, while TIGIT expression on CD8CT cells did not correlate with advanced disease stage or prior treatment, we found significantly increased TIGITCCD4CT cells in patients with unmutated IgVH status, with RAI stage 1/ Binet B and in treated patients. No correlation with other prognostic factors (Zap70, CD38, CD49 d expression or chromosomal aberrations) was observed (Fig 1e and supplementary figure S3 ).
TIGIT is preferentially expressed on antigen experienced and Th1 polarized cells in CLL To more thoroughly evaluate TIGIT expression on T cells, we analysed expression of TIGIT in combination with T cell subset defining markers. In line with previous reports, we observed a general shift towards effector memory T cell populations as defined by CD62 L/CD45RA expression in CLL (Fig 2a) . By analyzing na€ ıve (CD62 LCCD45RAC), central memory (T CM :CD62 LCCD45RA-), effector memory (T EM : CD62 L-CD45RA-), and terminally differentiated effector memory (T EMRA :CD62 L-CD45RAC) CD4C and CD8CT cells with respect to their expression of TIGIT, we found that within the TIGITCCD4CT cells, T EMRA and na€ ıve cells were significantly enriched whereas the percentage of T CM cells was decreased in CLL (Fig 2b) . In TIGITCCD8CT cells, T EMRA subsets were expanded (Fig 2b) . Counting the absolute number of cells within the respective T cell subsets revealed that TIGITCCD4CT cells were enriched within the na€ ıve, T EM and T EMRA subsets and CD8CTIGITCT cells within the T EM subset in CLL (Fig 2c) . We further characterized Th1 (CD45RA-CXCR3CCCR4-), Th2 (CD45RA-CCR3-CCR4C), regulatory T (Treg; CD127-CD25C) and follicular helper T (Tfh; CXCR5CPD-1C) cells and found a general skewing towards Th1, Treg and Tfh subsets in CLL compared to healthy controls (Fig 3a) . While we observed a significant increase in the percentage of TIGITCTh1 cells in peripheral blood from CLL patients compared to healthy controls, the absolute cell numbers of TIGITCTh1, TIGITCTreg as well as of TIGITCTfh cells were all significantly increased in peripheral blood from CLL patients compared to healthy controls (Fig 3b and c) , with no apparent correlation with tumor load or treatment status (supplementary figure S4 ).In addition, we found that in CLL, a significantly smaller percentage of TIGITCCD4CT cells expressed CD226, a costimulatory molecule competing with TIGIT for the same ligands (Fig 3d) . Further analysis of the CD8 compartment revealed decreased percentage of CD226 expressing cells among TIGITCT cells compared to TIGIT-CD8CT cells (Fig 3d) and a negative correlation of CD226 with TIGIT expression (Fig 3e) .
TIGITCCD4C but not TIGITCCD8C T cells affect in vitro survival of autologous CLL cells
Next, we wanted to assess CLL prosurvival or proapoptotic capacities of TIGITC CD4C and CD8C T cells. To this end, we performed autologous CLL/T cell co-culture assays using CD3/CD28 activated T cells which were either depleted of TIGIT or PD-1 expressing T cells using flow cytometric cell sorting (as outlined in the methods section; Fig 4a) . Thereby we found that absence of TIGITC cells from all T cells in our co-culture setting resulted in significant decrease in the percentage of viable CLL cells (Fig 4b) . While absence of PD-1C T cells had no significant effect on CLL cells, absence of both PD-1C and TIGITC T cells again resulted in decreased CLL viability (Fig 4b) . To elucidate whether the prosurvival impact of TIGITC T cells depends on CD4C or CD8C T cells, we further depleted T cells from CD4CTIGITC or CD8CTIGITC cells prior to co-culture with CLL cells (Fig 4a) . Thereby we observed that only absence of TIGITCCD4C but not TIGITCCD8CT cells decreased CLL cell survival (Fig 4b) . In these assays, also absence of PD-1CCD4C T cells resulted in decreased CLL cell survival (Fig 4b) . Of note, this effect on CLL survival in these co-culture assays was not based on reduced overall numbers of T cells, as the T/CLL cell ratio was not significantly different in the respective assays (Fig 4c) .
Blocking TIGIT interactions decreases CLL viability and interferes with production of prosurvival cytokines
To further examine the CLL-supportive function of TIGITCCD4CT cells, we analyzed the cytokine expression profile of TIGITC and TIGIT-CD4CT cells using intracellular cytokine staining (Fig 5a) . We observed a significantly higher percentage of IFNg and IL-10 producing CD4CT cells within the TIGITC population while the percentage of IL-21 and IL-4 producing cells was comparable in TIGITC and TIGIT-subpopulations (Fig 5b) . In addition, low but measurable expression levels of the ligands for TIGIT (CD112 and CD155) could be detected on the surface of primary CLL samples as well as on T cells (Fig 5c) . We next analyzed whether cytokine production could be modulated by blocking TIGIT/ligand interactions using recombinant TIGIT-Fc molecules. As shown in Fig 6a, presence of TIGIT-Fc resulted in impaired IFNg and IL-10 production in T cells (Fig 6a) . Notably, this effect was dependent on the presence of CLL cells, as in T cell solo cultures, cytokine production was not significantly affected by addition of TIGIT-Fc (Fig 6b) .
Finally, we tested whether the CLL-supportive function of TIGITCT cells could also be recapitulated by blocking TIGIT/ ligand interactions using recombinant TIGIT-Fc molecules. Therefore, we assessed CLL viability in co-culture assays in response to 5 day anti-CD3/CD28 stimulation in presence or absence of recombinant TIGIT-Fc. In experiments on 12 CLL samples, we did not observe a significant impact on CLL survival, however, dividing samples in high and low expressing TIGITCCD4CT cells based on ROC curve analysis using a cutoff of 52.6% TIGITCcells within the CD4CT cell subset (Fig 6c) , we found a significant impact on CLL viability in the TIGIT high sample group (Fig 6c) .
Discussion
In CLL, many alterations within the T cell compartment, such as skewing towards effector and Treg subsets, 31 abnormal CD4/ CD8 ratios, 32 increased sensitivity of CD4C T cells towards Fas-mediated apoptosis 33 and the occurrence of expanded monoclonal CD4C T cell populations have been observed. 34, 35 Also, an aberrant expression profile of inhibitory receptors associated with T cell exhaustion has been noticed in CD4C and CD8C T cells from CLL patients 2 and within the CD8C T cells, the expansion of PD-1 expressing cells featuring defects in proliferation and cytotoxicity have been described. 2, 3 Furthermore, in contrast to many aggressive tumors, CLL cells are strongly depending on the microenvironment for proliferation and survival 1 . In this regard, T cells were previously shown to execute a substantial CLL-supportive function. 29, 36 Hence, a more precise characterization of the CLL supportive T cell subset would allow to specifically target this CLL/T cell interaction, which would not only directly affect CLL viability but likely also render CLL cells more vulnerable to conventional treatment options. In this study, we found that particularly CD4C T cells expressing the inhibitory receptor TIGIT were not only increased in patients with an advanced disease stage but also potent in increasing viability of autologous CLL cells in in vitro co-culture assays. Moreover, we could show that this supportive impact on CLL viability of TIGIT expressing T cells is dependent on TIGIT/ligand interactions, as this effect was targetable by recombinant TIGIT-Fc molecules. In line with this, we observed low but measurable levels of CD112 and CD155 on the surface of CLL cells, the ligands for TIGIT. Moreover, we demonstrated that IFNg and IL-10 producing T cells were enriched in the TIGITC compartment and blocking TIGIT/ ligand interactions suppressed the production of both IL-10 and IFNg. This effect was dependent on the presence of CLL cells, further supporting a direct TIGIT mediated CLL/T cell crosstalk, consistent with recent observations that expression of these cytokines in T cells was increased upon TIGIT dependent interaction with antigen-presenting cells. 13, 37 The prosurvival effect of TIGITC T cells could well be based on secretion of these cytokines. Alhough the proinflammatory cytokine IFNg has been associated with cytotoxic and antitumor mechanisms, 38 IFNg can also exert protumorigenic effects. IFNg attenuates programmed cell death in CLL cells in vitro, 39 and CLL T cells produce increased levels of IFNg, while CLL cells show high expression of IFNg-receptors. 40 These data support an ambiguous role for IFNg, which depends on the cellular, microenvironmental and molecular context. 38 Recently, Joller et al. reported that TIGITC Tregs exhibit superior immunosuppressive functions compared to the TIGIT-counterpart. 41 In this study, we observed a general increase of Tregs and we found that more Tregs were expressing TIGIT in CLL patients compared to healthy controls. This fits to the substantial IL-10 production in TIGITC CD4C T cells from CLL patients as IL-10 not only dampens anti-tumor responses in vivo, but also has a direct protective and prosurvival effect on CLL cells. 42 In line with our data, it has been recently reported that a subset of TIGITC circulating Tfh cells have a strong B cell-supportive effect due to protective cytokine secretion and high expression of costimulatory molecules. 43 Additionally, the occurence of Tfh cells is significantly increased in CLL, particularly in high risk patients. 44 Our results are of particular interest in light of recent approaches for anticancer immune therapies aiming at blocking TIGIT to reinvigorate anticancer immune responses (NCT02794571, NCT02913313; clinicaltrials.gov). Similar to therapeutic antibodies for CTLA-4 (ipilimumab) and PD-1 (nivolumab and pembrolizumab) or its ligand PD-L1 (atezolizumab, durvalumab), which have already been approved for multiple hematological malignancies, antibodies blocking TIGIT were developed to impede inhibitory signals on cytotoxic T cells in order to regain anti-tumor immunity.
In this regard, our own results suggest that anti-TIGIT antibodies could specifically target the CLL-supportive TIGITCCD4CT cell compartment, defining an alternative rationale for using these antibodies especially in combination with other treatment options.
Materials and methods
Patients
Peripheral blood samples were obtained from patients with confirmed diagnosis of CLL (Department of Haematology and Oncology, University Hospital Salzburg, Austria) on basis of >5000 light chain restricted B cells and CD5, CD19, CD20 low and CD79b low co-expression per ml blood and twenty-nine age-matched healthy control samples (Stroke Prevention Center, Department of Neurology). Monoclonal antibodies for flow cytometric analysis were provided by Beckman coulter: CD5-PC7 (A21690), CD19-APC-Alexa Fluor 750 (A94681), CD23-APC (A69964), CD20-Pacific Blue (B49208)and CD79b-PE (IM1612). Of 114 measured patients, 36 received treatment and 78 were chemona€ ıve. Analysis of the mutational status of immunoglobulin heavy chain variable region (IgVH), expression of CD38, ZAP70, CD49d and assessment of genomic aberrations (Tri12, delChr11q, delChr17p and delChr13q) was performed as described previously (2) 
Intracellular staining of cytokines
PBMCs were activated for 24 hours with CD3/CD28 coated beads (ThermoFisher, 111.31D) with or without recombinant human TIGIT Fc chimera protein, or the respective recombinant human IgG1 Fc control (100 mg/mL, R&D Systems, 7898-TG-050 and 110-HG). Monensin (ThermoFisher, 00-4505-51) was added during the final four hours of culture. Intracellular cytokines were stained with anti-human IFNg-FITC (ThermoFisher,11-7319-82), IL-21-PE (ThermoFisher, 12-7219-42), IL-10-PerCP-eFluor710 (ThermoFisher, 46-7108-42) and IL-4-APC (ThermoFisher, 17-7049-42) . For surface marker expression TIGIT-PE-Cyanine7 (ThermoFisher, 25-9500-42), CD3-AF700 (ThermoFisher, 56-0038-42) and CD4-Brilliant Violet 650 (Biolegend, 300536) were used.
Depletion of T cells for in vitro co-culture experiments
The impact of specific T cells on the viability of autologous CLL cells was assessed in in vitro experiments. To deplete PBMCs from TIGITC and/or PD1C cells, we stained PBMCs using TIGIT or PD1 antibodies and depleted positive cells by flow cytometric cell sorting (FACS Aria III, Becton Dickinson). To deplete PBMCs from all CD8C T cells together with TIGITC or PD-1C cells (to keep CD4CTIGIT-or PD-1-T cells in coculture with CLL cells) we stained PBMCs using TIGIT or PD-1 and CD8 antibodies and depleted positive cells by flow cytometric cell sorting. To deplete PBMCs from all CD4C T cells together with TIGITC or PD-1C cells (to keep CD8CTIGIT-or PD-1-T cells in co-culture with CLL cells) we stained PBMCs using TIGIT and CD4 antibodies and depleted positive cells by flow cytometric cell sorting Purity of sorted cells was >92% for all experiments. Similar to Chauvin et al., 24 sorted PBMCs were stimulated in vitro with anti-CD3/CD28 coated beads (ThermoFisher). After five days CLL and T cells were stained with rhAnnexin V-FITC and 7-AAD Viability Staining Solution (ThermoFisher) and analyzed on a Gallios TM Flow Cytometer research system.
Blockade of TIGIT/PVRp
PBMCs were activated for five days with CD3/CD28 coated beads (ThermoFisher) in presence of recombinant human TIGIT Fc chimera protein or recombinant human IgG1 Fc control (100 mg/mL, R&D System). Antibodies used for viability stain were anti-CD5-AF700 (Beckman Coulter, A78835), CD19-PE, rhAnnexin V-FITC and 7-AAD Viability Staining Solution (ThermoFisher).
Statistical analysis
Statistical analyses were performed using Graph Pad Prism Version 5.02 (GraphPad Software, Inc.). Data are presented either as dot plots or as box plots showing 25 th and 75 th percentile and median inside the box. Whiskers represent minimum to maximum of all data.
Correlations were performed using the parametric pearson or nonparameric spearman test
